The creation of metal catalysts with highly active surfaces is pivotal to meeting the strong economic demand of the chemical industry. Specific flat-shaped pristine fcc ruthenium nanoparticles having a large fraction of atomically active {111} facets exposed on their flat surfaces have been developed that act as a highly selective and reusable heterogeneous catalyst for the production of various primary amines at exceedingly high reaction rates by the low temperature reductive amination of carbonyl compounds. The high performance of the catalyst is attributed to the large fraction of metallic Ru serving as active sites with weak electron donating ability that prevail on the surface exposed {111} facets of flat-shaped fcc Ru nanoparticles. This catalyst exhibits a highest turnover frequency (TOF) 
Introduction
Heterogeneous catalysis based on metal nanoparticles (NPs) constitutes a key technology due to the innumerable applications for the production of indispensable chemical resources.
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Metal NPs deposited on substrates with high surface area, i.e. support catalysts, have commonly been used as metal catalysts;
6-11 however, they have limited catalytic performance due to the existence of most stable atomic structures (atomically smooth, less active) on the surfaces of these conventional spherical NPs, as predicted by surface science. [12] [13] [14] The development of structurally controlled metal NPs with catalytically highly active domains (atomically rough) is one of the most crucial issues in the eld of heterogeneous catalysis.
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Signicant attention has recently been devoted towards the size, shape and electronic properties of ruthenium (Ru)-based metal catalysts, [18] [19] [20] [21] [22] [23] which exhibit signicant potential for various applications including ammonia synthesis/decomposition, 22, 23 Fischer-Tropsch synthesis, 24, 25 CO oxidation, 20, 21 and CO/CO 2 methanation. 19, 26, 27 In these cases, an activity-structure relationship has been evidenced through the combination of experiments and theory. We recently observed that Ru NPs can be self-organized on calcium amide (Ca(NH 2 ) 2 ) into a specic structure comprising anchored at Ru particles by strong interaction between Ru and N. 22 The Ru/Ca(NH 2 ) 2 catalyst exhibited activity for ammonia synthesis that was an order of magnitude higher than that of conventional Ru catalysts.
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While catalysis over Ru NPs with such specic morphology has not been investigated to date, this morphology is also expected to exhibit high catalytic performance over a broad platform for the synthesis of valuable chemicals/intermediates.
Primary amines are key intermediates in the chemical industry with extensive applications in the manufacture of polymers, pharmaceuticals, dyes and detergents. [28] [29] [30] [31] [32] The catalytic reductive amination of carbonyl compounds with ammonia (NH 3 ) and hydrogen (H 2 ) as the nitrogen source and reductant, respectively, is the most practical and valuable approach for the synthesis of primary amines. [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] 49 which only provide moderate reaction rates, even under high H 2 pressure ($4 MPa). Moreover, the selective reductive amination of carbonyl compounds (except simple aryl and alkyl aldehydes) to primary amines is typically hindered by the formation of secondary and tertiary amines and/or undesired further-hydrogenated products. We focus on the specic morphology and atomic structure of a metal catalyst to realize high intrinsic activity and selective response for the quantitative production of primary amines at markedly high reaction rates compared with conventional support catalysts, which is a difficult and challenging goal. Herein, we rst report a new specic at-shaped pristine fcc Ru-NP based catalyst having active sites with weak electrondonating power, which enables highly efficient and selective reductive amination of various carbonyl compounds. The Ru-NP catalyst provides higher reaction rates that are approximately six times that of an efficient support catalyst of Rudeposited Nb 2 O 5 .
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Results and discussion
Characterization of the structure of Ru NPs
The Ru-NP catalysts were prepared from Ru-deposited Ca(NH 2 ) 2 . The Ru/Ca(NH 2 ) 2 catalyst cannot be used under ambient conditions, because of the extreme instability of Ca(NH 2 ) 2 . The removal of Ca(NH 2 ) 2 was conrmed by the lack of a detectable X-ray photoelectron spectroscopy (XPS) peak in the Ca 2p region for the as-obtained Ru-NPs (see ESI, Fig. S1 †) . High-angle annular dark-eld scanning transmission electron microscopy (HAADF-STEM) analysis was conducted to investigate the microstructure of the Ru NPs. Fig. 1a shows small and at Ru patches over a large domain. No conventional round shaped grains of Ru were observed. However, aer the removal of Ca(NH 2 ) 2 , the Ru particles tended to aggregate. The average Ru particle size in Ru/Ca(NH 2 ) 2 was estimated to be ca. 2 nm with a narrow particle size distribution. 22 In contrast, larger particles were observed aer the removal of Ca(NH 2 ) 2 , as shown in Fig. 1a . This was also conrmed by particle size estimation using CO adsorption on the Ru NP surfaces, as shown in Table  1 , where the particle sizes of the Ru-NPs were estimated to exceed 10 nm. The lattice spacing in the Ru NPs (Fig. 1b) was observed to be 2.20Å, which is close to that (d 111 ¼ 2.21Å) of the face-centered-cubic (fcc) (111) plane of Ru, 21 and differs from that for the conventional hexagonal-close-packed (hcp) structure (d 002 ¼ 2.142Å) of Ru particles. 18, 19 This was also conrmed by powder X-ray diffraction (XRD) analysis of the Ru NPs (Fig. 2a) , where broad diffraction peaks due to fcc Ru appear. The morphology of the Ru NPs was not changed signicantly compared to that before isolation from Ca(NH 2 ) 2 (Fig. 1c) . There was also no noteworthy difference in the lattice spacing (fcc, d 111 ¼ 2.23Å) of the Ru NPs pre-formed on the Ca(NH 2 ) 2 support 22 in Ru/Ca(NH 2 ) 2 ( Fig. 1d) , and the NP structure was successfully preserved in pristine Ru-NPs, without stabilization by the interaction between Ru-sites and N aer Ca(NH 2 ) 2 removal. The possibility of any trace of N element remaining bound in the pristine Ru-NPs has been ruled out by the lack of detectable XPS peaks in the N 1s region (Fig. S2 †) . Hence, the Ru-sites bound to Ca(NH 2 ) 2 in Ru/Ca(NH 2 ) 2 are expected to be available in the pristine Ru-NP catalyst. It has been proposed that the presence of abundant {111} facets is essential in fcc Ru nanocrystals for high activity. 21, 24 These at-shaped fcc Ru NPs are composed of a few atomic layers and could be able to generate a large fraction of open {111} facets exposed on the at NP surfaces, as suggested by the microstructural analysis. Flat fcc Ru NPs (fcc Ru is a metastable phase compared with hcp Ru 21 ) are considered to be stabilized by the strong adhesion between Ru and Ca(NH 2 ) 2 during formation, which prevents the growth of large particles (Fig. S3 †) . This is also supported by the major growth of gradually larger hcp crystallites (alongside anchored fcc Ru particles) for Ru-NPs prepared from 15 and 20 wt% Ru/Ca(NH 2 ) 2 , as evident from XRD measurements (Fig. 2) , presumably due to an increase in the numbers of noninteracting Ru NPs over Ca(NH 2 ) 2 . The HRTEM image ( 51 Strong adhesion energy between the metal and the support has also been reported as a reason for dominant 2D growth (at-shaped particles) over 3D growth (spherical particles) of other supported metal NPs. 52, 53 The Ru NP sizes obtained from CO chemisorption (Table 1 ) did not vary signicantly for different Ru-NPs and Ru-NPs were larger than those analysed from the HAADF-STEM images, due to aggregation of the NPs aer the removal of Ca(NH 2 ) 2 . XPS analysis (Fig. S1 †) in the Ru 3d region shows two intense narrow peaks at binding energies of 279.9 and 284.0 eV for Ru 3d 5/2 and 3d 3/2 , respectively. These peaks can be assigned to metallic Ru according to the literature, 54-56 
Catalyst screening for model reductive amination of furfural
The conversion of biomass-derived 57,58 furfural (1a) to furfurylamine (2a) was investigated as a model reaction for reductive amination (Fig. 3a) . 1a cannot be completely converted into 2a over most heterogeneous catalysts (except Ru-deposited Nb 2 O 5 , which gives a 2a yield of 99%
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), because the formation of 2a is thermodynamically unfavourable compared to other byproducts (see the ESI †). Ru-NPs prepared from Ru-deposited Ca(NH 2 ) 2 samples with different loading amounts of Ru (10, 15 and 20 wt%) were tested for initial screening of the catalyst (Tables 1  and S1 †) . Ru-NPs prepared from 10 wt% Ru-loaded Ca(NH 2 ) 2 provided an almost quantitative yield (99%) of 2a in 2 h without signicant formation of other byproducts (Table S1 , † entry 1). RuNPs prepared from 15 and 20 wt% Ru-loaded Ca(NH 2 ) 2 also gave 2a in high yield (95 and 93%, respectively), although a ring hydrogenated product (tetrahydrofurfurylamine; 5a) was formed to a signicant extent with a total yield of 3-5% along with a small amount of secondary amine (7a) through hydrogenation of the dimeric imine 3a (Table S1 , † entries 2 and 3). Turnover frequencies (TOFs) for the formation of 2a were estimated using the dispersion of surface Ru atoms obtained from CO chemisorption (Table 1) . 23 The less-selective reductive amination and gradually decreasing TOFs with Ru-NPs obtained from higher Ru loading are perhaps due to the effect of a larger amount of hcp Ru particles with fcc Ru, as suggested by XRD analysis. In fact, a pristine hcp Ru NP (Ru-HCP, see ESI Fig. S5 †) catalyst 24 gives a 2a yield of only 39% at 2 h with a much lower TOF (Table 1 ) and large amount of byproducts (Table S1 , † entries 4 and 5). In the case of Ru/Nb 2 O 5 and Ru/SiO 2 , the 2a yield did not reach 70% at 2 h. Ru-NPs prepared from 10 wt% Ru-loaded Ca(NH 2 ) 2 were employed in the following experiments.
Performance of Ru-NPs beyond conventional efficient catalysts
The time course for the reductive amination of 1a over Ru-NPs was compared with those for efficient supported metal catalysts (Fig. 3b) . 47, 59 In the case of Ru-NPs, 1a was rapidly converted, and only aer approximately 15 min the yield of dimeric imine 3a reached a maximum. The yield of 2a gradually increased to 99% at approximately 105 min with a decrease in the yield of 3a. Hydrogenation products such as 5a, 6a and 7a were not formed to any substantial extent, even aer the catalytic test was conducted for 6 h. Ru/Nb 2 O 5 also gave a 2a yield of 98% at 4 h without signicant progress of other side-reactions, although Ru/ Nb 2 O 5 had a much lower rate of 2a formation than Ru-NPs. This is also supported by the production rate of dimeric imine 3a. 3a was observed even aer 3 h over Ru/Nb 2 O 5 . On the other hand, it disappeared completely before 2 h in the case of Ru-NPs. Intermediate 3a produced by the reversible reaction of 1a and 2a is expected to be selectively converted into 2a under the reaction conditions. 47 The Ru/SiO 2 catalyst exhibited a similar reaction rate to that of Ru/Nb 2 O 5 ; however, in a sharp contrast, subsequent hydrogenation of 2a into 5a was observed. It should be noted that an approximately 40% yield of 2a was achieved within 30 min over Ru-NPs, which is an approximately three times higher rate than that for a similar yield (at 90 min) of 2a obtained over either Ru/Nb 2 O 5 or Ru/SiO 2 . 4a is formed when the hydrogenation rate of the intermediate furfurylimine (8a) to 2a is not sufficiently high (see the ESI †). 47 The formation of 4a was not observed at all over Ru-NPs, whereas the yield of 4a over Ru/SiO 2 respectively. These results are consistent with those estimated by CO adsorption (Table 1) . To the best of our knowledge, the Ru-NP catalyst exhibited the highest TOF among the metal catalysts reported to date for the reductive amination of 1a to produce 2a (Table 2) . 45, 47, 48 Reuse experiments with the Ru-NP catalyst for the reductive amination of 1a (Fig. S7 †) showed no noticeable decrease in activity, even aer four reuses, which indicates the robustness of the catalyst. 
Origin of the high performance catalysis over Ru-NPs
The Ru-NP catalyst is largely superior to Ru/Nb 2 O 5 in terms of the rate of 2a formation. However, there is no signicant difference in selectivity between the catalysts. A recent report revealed that the yield of 2a from 1a is dependent on the electron-donating power of Ru on different supports. 47 Selective reductive amination over Ru/Nb 2 O 5 arises from the weak electron-donating capability of Ru particles on the Nb 2 O 5 surface. 47 Apart from this, only an increase of electron donation to Ru from the support materials was demonstrated.
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However, high performance catalysis over Ru-NPs cannot be explained by such a support-to-metal electronic contribution. To understand the phenomenon, the electronic state of Ru in the Ru-NPs was examined and compared with that in Ru-HCP, Ru/Nb 2 O 5 and Ru/SiO 2 using DRIFT spectroscopy with CO as a probe molecule. As shown in Fig. 4 obtained for the Ru-NPs cannot be explained by the large fraction of metallic Ru and the electronic state of Ru-NP. One possible explanation for the catalysis over the Ru-NPs is the atomic structure of the at-shaped Ru NPs. It has been demonstrated by computational studies that 2D (at) Ru particles are catalytically more active than hemispherical Ru particles. 23 From computational studies and experiments, it was recently established that the CO dissociation barrier for Fischer-Tropsch synthesis is sufficiently low on the abundant {111} facets of fcc Ru nanocrystals, which results in high mass-specic catalytic activity. 24 The CO dissociation barrier on fcc {111} is 1.13 eV, whereas it varies from 0.94 to 2.37 eV for different facets of hcp Ru. 24 The hcp {0001} facet has a lower barrier for CO dissociation, but its site density is rather low. 19, 24 On the other hand, fcc Ru has abundant {111} facets with a slightly higher barrier. 24 Recently, higher activity of fcc Ru compared to hcp Ru was also reported in a hydrogenation reaction.
69 This is also clearly demonstrated in the TOF obtained with the Ru-NP catalyst ( Table 1 ). The XRD patterns in Fig. 2 reveal that hcp Ru in the obtained RuNPs is increased with the amount of Ru-loading on Ca(NH 2 ) 2 ; excess Ru-loading forms hcp Ru on at-shaped fcc Ru and decreases the surface exposed {111} facets of fcc Ru. An increase in hcp Ru on Ru-NPs decreases the TOF of Ru-NPs for the reductive amination of furfural, as shown in Table  1 . For at-shaped pristine Ru-NPs, the large fraction of surface exposed {111} facets (aer Ca(NH 2 ) 2 removal, Rusites become completely free) and electronic state of the Ru-sites possibly affect the adsorption of the substrates and/ or the activity of adsorbed hydrogen atoms, which could result in high intrinsic activity for highly efficient reductive amination.
Substrate scope for high performance reductive amination
Ru-NPs are also effective for the reductive amination of several carbonyl compounds. For example, an important biomassderived aldehyde, 5-hydroxymethylfurfural (1b; a platform chemical for synthesis of several derivatives having potential industrial demand), 57, 58, 70 is efficiently converted into 5-hydroxymethylfurfurylamine (2b) in 95% yield (Fig. 5) . The reaction proceeds with a much higher rate under 4 MPa H 2 to give a 92% yield of 2b in only 1.5 h, which is approximately 2.5 times higher than that recently reported for an efficient supported metal catalyst (Ru/Nb 2 O 5 ) employed under identical conditions. 47 A broad range of aldehydes and ketones that contain different reduction sensitive functional groups (Table  3) , such as alkyl/aryl substituents, halogens and heterocycles, were also successfully tolerated, and the corresponding primary amines were readily produced in noticeably high yields, mostly irrespective of the electronic effects from the functional groups. In comparison with the efficient supported metal catalyst Ru/Nb 2 O 5 (Table 3) , Ru-NP showed prominently higher TOFs and provided a reaction rate approximately 5-7 times higher for production of various primary amines by reductive amination of these carbonyl compounds.
Conclusions
In summary, at-shaped pristine fcc Ru NPs, consisting of a large fraction of atomically active {111} facets on their at surfaces, were constructed as a high performance catalyst. The specic at-shaped morphology and surface electronic structure of Ru NPs clearly contribute to their outstanding catalytic performance, as reected by the exceptionally high TOFs observed for the reductive amination of several carbonyl compounds, compared to conventional efficient supported metal catalysts. The Ru-NP catalyst also exhibits excellent durability and selectivity during prolonged recycling. Shapespecic Ru NPs are available as a benchmark catalyst for the efficient production of various primary amines, particularly the important biomass-based amine intermediates. The present Ru-NP catalyst is also expected to be widely applicable for the metal-catalyzed production of several indispensable chemical resources, which is still a challenge for the chemical industry with conventional supported metal catalysts.
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